The spatial-frequency theory of vision has been supported by adaptation studies using checkerboards in which contingent color aftereffects (CAEs) were produced at fundamental frequencies oriented at 45 0 to the edges. A replication of this study failed to produce CAEs at the orientation of either the edges or the fundamentals. Using a computer-generated display, no CAEs were produced by adaptation of a square or an oblique checkerboard. But when one type of checkerboard (4 cpd) was adapted alone, CAEs were produced on the adapted checkerboard and on sine-wave gratings aligned with the fundamental and third harmonics of the checkerboard spectrum. Adaptation of a coarser checkerboard (0.80 cpd) produced CAEs aligned with both the edges and the harmonic frequencies. With checkerboards of both frequencies, CAEs were also found on the other type of checkerboard that had not been adapted. This observation raises problems for any edgedetector theory of vision, because there was no adaptation to edges. It was concluded that spatialfrequency mechanisms are operating at both low-and high-spatial frequencies and that an edge mechanism is operative at lower frequencies. The implications of these results are assessed for other theories of spatial vision.
firmed these observations with high-frequency checkerboards and gratings (3-7 cycles per degree [cpd]) but failed to do so in experiments with low-frequency checkerboards and gratings (0.40, 0.80, and 1.50 cpd). Importantly, with 0.80-cpd checkerboards, they found McCollough effects on gratings aligned with the edges of the checkerboard and suggested that these results implied an edge mechanism operating at some lower frequencies.
The general trend of these psychophysical results has been supported by single-unit studies of visual cortex. K. K. De Valois, R. L. De Valois, and Yund (1979) found that a cell would not respond when its receptive field (RF) was aligned with the edges of a checkerboard but would respond when the RF was aligned in the orientations of the fundamental and the third harmonic. Smith (1977) and Tyler (1977) have criticized the conclusion of May and Matteson (1976) by suggesting that the diagonals of the checks in a checkerboard at 45 0 to the edges fallon a common line. This alignment produces stimuli that could excite an edge detector. MacKay (1981) has put forward a similar argument against the neurophysiological studies (K. K. De Valois et al., 1979) . However, K. K. De Valois et al. (1979) also showed the effect at the orientations of the third harmonic, which would not support the common-diagonal explanation.
The general aim of these experiments was to reexamine the McCollough effect with checkerboards, with particular emphasis on the higher harmonics. It was felt that the broad spatial-frequency tuning for the McCollough Copyright 1992 Psychonomic Society, Inc. 66 effect shown in our companion paper (Day, Webster, Gillies, & Crassini, 1992) , taken in conjunction with the broad orientation tuning for checkerboards (Green, 1980) , makes it difficult to understand how spatial-frequency mechanisms could generate selective aftereffects after adaptation with both square and oblique checkerboards. The first experiment was concerned with establishing the robustness of the checkerboard effect.
EXPERIMENT 1
The purpose of Experiment I was to replicate the checkerboard results described above using experimental conditions similar to those of May and Matteson (1976) and Green et al. (1976) . Observers were adapted with slide-presented checkerboards with a check size of either 2.0 or 5.0 cpd. The occurrence of color aftereffects (CAEs) was tested with test slides and also with a computer graphics system, which allowed the presentation of sine-wave gratings as well as square-wave gratings. Since neither May and Matteson (1976) nor Green et al. (1976) specified the contrast of their stimuli, except to say that it was "high contrast," the maximum level of contrast was employed in the present experiment to give conditions comparable with their previous work.
Method
Subjects. Eight students with normal visual acuity and color vision, as assessed by the Ishihara (1964) test, participated as subjects.
Apparatus and Stimulus Patterns. Adaptation and test patterns were presented as images on a white screen using a Kodak Carousel projector. The subjects were also presented with test patterns on a computer-eontrolled color-graphics system based on a DEC-LSI-73 computer. This system and its method of operation has already been described in detail in a companion paper (Day et al., 1992) . Adaptation patterns were prepared as slides by mounting negatives of square checkerboard (SCB) and diagonal checkerboard (DeB) patterns together with Wratten filters 26 (red) and 41 (green). Red patterns were presented at an average luminance of 19.8 cd/m ' and 92.5% contrast; green stimuli were presented at an average luminanceof33.3 cdlm ' and 92.5% contrast. The checkerboards were either 2 or 5 cpd in spatial frequency at viewing distances of I. 0 or 2.5 m, respectively. The single test stimulus was a slide that consisted of a split-field pattern made up of an SCB on the left half and a DeB on the right (average luminance 39.7 cd/m ', 92.5% contrast); both halves were either 2 or 5 cpd in spatial frequency. The slide-presented adaptation and test patterns subtended 20 0 vertically x 25 0 horizontally. Ten test patterns were presented on the colorgraphics system. Four were split-field grating patterns consisting of vertical gratings on the left and horizontal ones on the right. Two gratings were square waves, and two were sine waves. One grating of each type was 2.0 cpdand the other was 2.8 cpdwhen viewed at I m. The other four gratings were also split fields, but with the left containing 45 0 obliques and the right 135 0 obliques. The same parameters as the first four gratings were spread across these gratings. When all eight gratings were presented at 2.5 m, their spatial frequencies were 5.0 and 7.1 cpd. The gratings tested at 2.8 and 7. I cpd were the fundamental frequencies of the two sizes of checkerboards at ../2 x checkerboard frequency (Kelly, 1976) . The remaining two achromatic test stimuli were full-field checkerboards (SCB, DCB), with check sizes of 2.0 and 5.0 cpd at the 1.0 and 2.5 m viewing distances, respectively. All test patterns were 16.7 cd/m ' in luminance and 97% in contrast.
Procedure. All observers were tested in two sessions. one week apart. In the first session, they made judgments seated at 1.0 m from the patterns and in the second at 2.5 m. In each session, the observers made quantitative nulling judgments of the computerpresented stimuli and then qualitative judgments of the slide test patterns. They were then adapted for a total period of 10 min to the colored patterns in which the checkerboards were presented in alternation for 10 sec. The colors of the checkerboards were counterbalanced: half of the subjects were adapted with red squares and green diamonds, and half were adapted with the reverse. After adaptation, there was a rest period of 2 min to allow afterimages to dissipate. The observers then made posttest judgments of the slide test pattern, followed by judgments of the colors of the computergenerated patterns. The subjects took about 10 min to make thecolor judgments. There were no restrictions on judgment time; the subjects could bracket the null point by pressing the other button if their judgments seemed to pass the white setting.
Scoring. The scoring of a response as a CAE depended on the prediction from each model. For adaptation stimuli of a red SCB and a green DeB, each model had opposite predictions. For example, the spatial-frequency model predicted that vertical and horizontal gratings would appear red, whereas the edge model predicted a green CAE. For gratings, it was arbitrarily decided that CAEs consistent with the spatial-frequency model would be scored as positive and those consistent with the edge model as negative. With the checkerboard test patterns, a CAE complementary to the adapting stimulus was scored as positive. The opposite color was scored as negative.
Results and Discussion
The data for the vertical/horizontal andthe oblique gratings were analyzed separately using a four-way analysis of variance (ANOVA) with repeated measures. For the vertical/horizontal gratings, the main effect of type of grating (square wave vs. sine wave) was not significant [F(I,7) = 0.04, P > .05], nor were the effects of spatial frequency (2, 2.82, 5, and 7.05 cpd) [F(3,21) = 2.02, p > .05] or orientation of grating (vertical vs. horizontal) [F(1,7) = 0.01, P > .05]. That is, the CAEs for these gratings were not significant. The mean CAE scores are set out in Table I . The results for the oblique gratings were similar. There were no significant main effects of type of grating [F(1,7) = 0.27, P > .05], spatial frequency of grating [F(3,21) = 0.99, p > .05], or orientation of grating [F( I ,7) = 2.92, P > .05]. In neither analysis were the interaction terms significant. The mean CAE scores are set out in Table 2 .
The checkerboard CAE data were analyzed using a three-way ANOVA with repeated measures. There were no significant main effects of checkerboard frequency (2 and 5 cpd) [F(I, were analyzed in more detail by means of t tests of difference scores between pretest and posttests. None of the CAE scores was significantly different from zero (Table 3). All the qualitative judgments made on the slide test patterns were white, thus indicating that no CAEs occurred on these patterns.
In summary, no CAEs were present for either test checkerboards or gratings when two checkerboards served as adapting patterns. It should be emphasized that, in Ex- periment 1, we attempted to use some of the stimulus conditions employed by May and Matteson (1976) and Green et al. (1976) . We adapted with high-eontrast checkerboards projected on a screen by slides, used spatial frequencies that were a close match to the frequencies used in the earlier experiments, and tested with fundamental frequencies (.../2 x the checkerboard frequencies) at the appropriate orientations for each checkerboard. Even so, the results did not support either an edge-detector or a spatialfrequency filter model. In addition, we have failed to confirm the spatial-frequency CAE effects achievedwith higher spatial frequencies on checkerboards by May, Agamy, and Matteson (1978) , but like them, we also failed to produce CAEs with medium frequencies. In our earlier experiments (Day et al., 1992) , we found that the McCollough effect was broadly tuned for spatial frequency. Green (1980) also found that checkerboard aftereffects were broadly tuned for orientation. Kelly (1976) has shown that the two-dimensional spectrum of checkerboards contains fundamental and higher harmonic frequencies located at various orientations from the edges. Given the broadness of the two tuning functions, it is possible that some cancellations of CAEs take place when two checkerboards are adapted, since filters for the various harmonics could overlap in both the spatialfrequency and the orientation dimension. Therefore, in Experiment 2, the role of the higher harmonics in checkerboards and the effects of adaptation with only one checkerboard were investigated.
EXPERIMENT 2 Kelly (1976) showed that the two-dimensional Fourier transform of a checkerboard pattern is the convolution of a bar-grating spectrum with a similar one rotated by 90°. He showed that there were two pairs of fundamental components in the theoretical spatial-frequency plane of an SCB and a DeB. Each component is oriented at 45°f rom the edges of the checks. The frequency of these fundamental components was .../2 x F, where F is the frequency of the two square-wave gratings that are convoluted to produce the spectrum. Kelly (1976) also showed that the other harmonics are widely distributed throughout the spatial-frequency plane. For each checkerboard, there are four pairs of third harmonics at various orientations and with a frequency of .../lOxF. There are also four pairs of fifth harmonics for each checkerboard at other orientations and with a frequency of .../26 x F.
The aim of Experiment 2 was to produce the McCollough effect by adaptation to both an SCB and a DCB at two frequencies (4 and 0.8 cpd) and also to adapt each checkerboard by itself. It was predicted from the results of Experiment 1 that selective adaptation would not occur with two checkerboards but a strong CAE would be pro- duced by adapting only one. A range of test gratings was also used at frequencies and orientations appropriate for fundamental and harmonic components of each checkerboard spectrum. It was anticipated that these stimulus conditions would provide powerful tests of the spatialfrequency and edge-detector models.
M

Method
Subjects. Ten undergraduates acted as observers. All had normal color vision, according to the Ishihara (1964) test. Those requiring corrective lenses wore them during the experiment. All were naive regarding the purposes of the experiment.
Apparatus and Procedure. All stimulus patterns were generated on a Barco color monitor (Model CD33), using a real-time image-processing system (Matrox video digitizer, Model PIP-EZ) interfaced to a Super PC (Model A1'286). The monitor was mounted in a rotatable cradle, enabling the screen to be set at any orientation to avoid aliasing (Foley & Van Dam, 1984) . The strength of a CAE was measured by color cancellation, using methods already described in detail (Day et aI., 1992) . Each observer was tested in six sessions, with I-week intervals between sessions to allow any CAEs induced in an earlier session to dissipate. In Session I, each observer was adapted for 10 min with two checkerboards, a green and black SCB (4 cpd, 80% contrast, 18 cd/m ') and a red and black DCB (4 cpd, 80% contrast, 10 cd/m '). Each checkerboard was presented 30 times for 10 sec. Six achromatic test stimuli were used during the pretest phase and the posttest phase. Four test stimuli were split field, with a vertical sine-wave grating in the left half field and a horizontal sine-wave grating in the right. Each grating had a different frequency: the frequency of the checkerboards (F), the fundamentals (.../2 x F), the third harmonics (.../10x F), and the fifth harmonic (.../26x F). The F and the .../2 x F gratings were presented at two pairs of orientations: 0°and 90°, and 45°and 135°. The .../10x F gratings were presented at four pairs of orientations: 0°and 90°,18°and 108°,45°and 135°, and 27°and 117°. The .../26x F gratings were presented at orientations of 0°and 90 0, II°a nd 101°, 45°and 135°, and 33°and 123°. These combinations allowed the frequencies of the Fourier components at their various orientations to be compared with the same frequencies at theorientations of the edges. The last two test stimuli were whole field and consisted of an achromatic SCB and an achromatic DCB. All test stimuli subtended 8°x 7°and were set at 60% contrast and 23.4 cd/ m ' . A 2-min period was allowed to elapse after adaptation before the posttest was carried out. All pretest and posttest patterns were presented in a random order. In Session 2, each observer was adapted for 10 min with only an SCB, alternating with a blank screen (0.77 cd/m '). Stimulus parameters were the same as those in Session I. The color of the SCB was counterbalanced. The pretest and posttest stimuli were also the same. Gratings at .../Fand .../2 x F were presented at 0°and 90°and at 45°and 135°. Gratings at "'/IOxF were presented at 0°and 90°and at 18°and 108°. Gratings at .../26x F were presented at 0°and 90°and at II°and 101°. Two achromatic checkerboards were also tested. All procedures were the same as those in Session I. In Session 3, each observer was adapted for 10 min with only a DCB counterbalanced for color, alternating with a blank screen. Gratings at F and .../2 x F were presented at 0°and 90°and at 45°and 135°. Gratings at .../lOxF were presented at 27°and 117°and at 45°and 135°. Gratings at .../26x F were presented at 33°and 123°and at 45°and 135°. Two achromatic checkerboards were also tested. All procedures and test stimuli were the same as those for the other sessions.
In Sessions 4, 5, and 6, the stimulus patterns and procedures were the same as those used in Sessions 1,2, and 3, respectively, except that the frequency of the adapting and test patterns was based on an F of 0.80 cpd. For all sessions, an interval of I week was found to be long enough for any aftereffect to disappear: no difference was found between pretest judgments after this period.
Scoring. A difference score was calculated by subtracting the pretest score from the posttest score. When the checkerboards were adapted alone, cancellation in the expected color direction was treated as positive. When both SCB and DCB were adapted together, Mean CAE magnitudes after adaptation with square (SCB) and diagonal (OCB) checkerboards at 4 cpd, plotted as a function of screen angle for test gratings and stimulus type (SCB and DCB). The scores for the test gratings are grouped according to the frequency of the components in each checkerboard: checkerboard frequency, fundamental frequency, third harmonic frequency, and fifth harmonic frequency. Error bars represent the standard error of the mean.
CYCLES/DEGREE SCB and DCB Together
cancellation of green was treated as positive and cancellation of red as negative, since there was no color counterbalancing.
Results
Session 1. A two-way ANOVA with repeated measures was carried out on the grating data after adaptation of both checkerboards at 4 cpd. There were no significant differences between grating means [F(23,207) = 0.87, P >
.05], and individual t tests revealed no differences between the pretest and posttest scores (see Figure 1) Dependent t tests on the difference scores confirmed the results of the ANOVA. Significant CAE effects were found at the orientation of the fundamentals (45°and 135°) for F gratings and ..j2XF gratings. No significant effects were found at the edge orientations (0°and 90°) for the same frequencies. Both third harmonics at 18°and 108°showed significant effects. The largest effects occurred on gratings at the fundamental frequency, as would be predicted from Fourier analysis (Kelly, 1976 Figure 2 . Mean CAE magnitudes after adaptation to a square checkerboard (SCB) of 4 cpd, plotted as a function of screen angle for test gratings and stimulus type (SCB and diagonal checkerboard [DeB] ). The scores for the test gratings are grouped according to the frequency components of the checkerboard: checkerboard frequency, fundamental frequency, third harmonic frequency, and fifth harmonic frequency. Hatched bars denote screen angles at which CAEs for test gratings would be predicted by spatial-frequency theory. Unfilled bars denote screen angles at which edge-detector theory would predict CAEs. Error bars represent the standard error of the mean. at 90°. This effect was small and appeared to be a function of a small standard deviation. Of course, an edge model would not acknowledge the existence of such a frequency in the stimulus array. No effects were observed on gratings at the fifth harmonic frequency (..j26 x F).
Overall, these results show that significant McCollough effects occurred on gratings aligned with the Fourier components of the checkerboard spectrum rather than with the edges of the checks.
Session 3. Similar results were obtained with adaptation to the 4-epd DeB alone (Figure 3) with repeated measures was carried out on the grating data. As with adaptation of the SCB, there was a significant main effect of differences between the gratings at the orientation of spatial-frequency components and those of the edge [F(l,9) = 47.78, P < .01J. There was also a significant spatial-frequency effect [F(3,27) = 6.11, p < .0 IJ. There was no significant effect of field location (left or right) or of any of the interactions. Dependent t tests of the difference between pretest and posttest scores confirmed results of the ANOV A. Significant CAEs were observed at the orientations of the spatial-frequency components-that is, on gratings at checkerboard frequency (F) at 0°and 90°, on gratings of ..j2 x F at 0°and 90°a nd on ..j10x F gratings at 1170. One fifth-harmonic mean was significant at 123°. At the fundamental frequency, one mean was significant at the orientation of an edge at 45°. As with adaptation of an SCB, the largest effects occurred at the fundamental frequency that had the greatest power in the checkerboard spectrum (Kelly, 1976) . Overall, the results strongly support the view that adaptation of high-frequency checkerboards is mediated largely by Fourier components in the checkerboard spectrum.
Session 4. A two-way ANOVA with repeated measures was carried out on the grating data from the experiment in which both 0.80-cpd checkerboards were adapted. Figure 5 ). Like adaptation of a 4-cpd SCB, significant spatial-frequency effects were obtained at the checkerboard frequency (F), for the fundamental (.j2 x F) at 45°and 135°and also for the third harmonic (.jl0xF) at 18°and 108°. However, significant CAEs were also found for the checkerboard frequency (F) at the orientation of the edges (0°a nd 9<n. Thus, it appears that both an edge and a spatialfrequency mechanism are operative under these adaptation conditions. The significant interaction reflects larger effects at some spatial-frequency orientations than at edge orientations. versus right half field [F(l,9) = 1.79, P > .05]. There were no significant interactions. Dependent t tests carried out on the pretest and posttest scores supported the ANOVA results. CAEs occurred at the checkerboard frequency (F) at the orientation of the edges (45°and 135°) and at the orientation predicted by spatial-frequency analysis (0°and 90°). The only other grating that gave rise to a significant effect was one of the fundamental frequencies (-../2 x F at the orientation of one of the edges [135°]). These results could suggest that both edge-detector and spatial-frequency mechanisms are operating with checkerboards of 0.80 cpd.
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Discussion
The results of Experiment 2 confirm those of Experiment 1: adaptation with two colored checkerboards failed to produce selective-color CAEs on test checkerboards. Between the two experiments, we failed to generate any CAEs on a range of checkerboards (0.80, 2.0, 4.0, 5.0 cpd) after adaptation with two. In Experiment I, adaptation of two checkerboards also failed to produce selectivecolor CAEs, either on test gratings aligned with the edges of the checkerboard or on test-gratings aligned with the fundamentals of the checkerboard spectrum. In this experiment, the observations after adaptation of both checkerboards were extended to show that no selective-eolor CAEs were produced on gratings aligned with the orientation of the Fourier components of both checkerboards ("';2 x F, "';10 x F, and "';26 x F). However, when only one checkerboard was adapted, then, as predicted, strong color CAEs were produced on the adapting checkerboards and on appropriately oriented harmonic gratings. These results indicate that some form of cancellation process could be taking place when both checkerboards are adapted. The results reported by May, Agamy, and Matteson (1978) also suggest a cancellation process in that they failed to generate CAEs on both checkerboards at 0.40, 0.80, and 1.50 cpd. They did, however, generate CAEs on checkerboards of 3.0,5.0, and 7.0 cpd. With these higher frequencies, they also found CAEs on square-wave gratings aligned with 0.8 Cycles/Degree DCB Alone Screen Angle and Stimulus Type Figure 6 . Mean CAE magnitudes after adaptation to a diagonal checkerboard (OCB) of 0.8 cpd, plotted as a function of screen angle for test gratings and stimulus type (square checkerboard [SCB] and OCB). The scores for the test gratings are grouped according to the frequency components of the checkerboard: checkerboard frequency, fundamental frequency, third harmonic frequency, and fifth harmonic frequency. Hatched bars denote screen angles at which CAEs for test gratings would be predicted by spatial-frequency theory. Unfilled bars denote screen angles at which edge-detector theory would predict CAEs. Error bars represent the standard error of the mean. the fundamentals; however, at 0.80 cpd, they found that the CAEs were aligned with the edges. They found no CAEs on gratings of 0.40 and 1.50 cpd. Although they interpreted their results to imply that an edge mechanism was operating with 0.80-epd gratings, it is odd that they were unable to generate CAEs on any of their other lowfrequency checkerboards. Perhaps, if they had presented sine waves instead of square waves at the harmonic frequencies, they might have obtained results like ours. Overall, our results and some ofthese reported by May, Agamy, and Matteson (1978) imply that the McCollough effect is based on global activity oflinear spatial-frequency filters.
One obvious question is, What role does the oblique effect have in these results? It is well known that visual sensitivity is less for diagonal lines than for vertical or horizontal lines (Campbell, Kulikowski, & Levinson, 1966) . Kelly (1976) tested thresholds of checkerboards for thisorientationeffect with his contrast-detection method.
He found that when vertical gratings and SCBs were rotated through 45 0 , the thresholds changed in opposite directions. The thresholds of the gratings were increased, whereas those of the checkerboards were decreased. When DCBs were rotated, thresholds changed, but less so. Kelly (1976) concluded that off-axis harmonics partly smooth out the orientation effect. Thus, in our experiments, it is unlikely that the oblique effect could entirely account for the results for DCB adaptation. In the case of SCB adaptation, the significant effects at 45 0 from the edges were obtained despite any residual oblique effect.
The most unexpected result in Experiment 2 was that the CAE of the same color could be induced on the adapting checkerboard and on the checkerboard that was not adapted. This occurred on each occasion in which the subjects were adapted to a single checkerboard. On first consideration, this result poses a difficulty for any form of edge-detector model, insofar as the edges of the noninduced grating were never adapted. In fact, these results with the unadapted checkerboard are among the strongest observations in support of a spatial-frequency theory. Only by postulating mechanisms other than edges can a satisfactory account be provided. It would appear that a relatively broad band filtering mechanism resulted in CAEs for patterns with edges so far apart. In fact, these observations are not predictable from earlier studies of the McCollough effect with gratings (Stromeyer, 1978) . It is usually found that rotation of the head through 45°w ill cause the McCollough effect to disappear. Yet an effect was produced on a nonadapted stimulus that had edges located 45°from the adapting edges. In three out of the four comparisons, the checkerboards that induced adaptation produced a stronger CAE than the one that was not adapted. In the nonsignificant case (Session 3), the difference was in the expected direction, but both CAEs were greater than those produced under the other conditions.
The positive results obtained with harmonics after adaptation to 0.80-and 4.0-cpd checkerboards lend considerable support to the spatial-frequency theory. Moreover, with 4-cpd checkerboards, gratings presented at the checkerboard frequency (F) produced CAEs only when aligned with the fundamental frequency (../2 x F). After 0.80-cpd adaptation, gratings at the orientation both of the edges and the fundamentals produced CAEs. This suggests that both an edge and a spatial-frequency mechanism operated. This outcome is unlikely to have been a function of the broad orientation tuning of checkerboards (Green, 1980) , because the same separation of orientation (45°) occurred in the 4-cpd checkerboards. Kelly (1976) has suggested that very coarse checkerboards (0.05 cpd) would not show any two-dimensional spatialfrequency effects. He did, however, find effects on coarse checkerboards of 1.40 cpd. The present experiments indicate two-dimensional effects down to 0.80 cpd, as well as edge effects at this frequency. It would be interesting to examine the McCollough effect with even lower frequency checkerboards. Kelly (1976) also found twodiinensional spatial effects with isolurninant checkerboards (red and green) for both fine (3 cpd) and coarse (1.40 cpd) checkerboards. These data suggest that two-dimensional McCollough effects might be produced by isoluminant patterns. However, there is some evidence that isolurninant gratings do not generate a CAE (Stromeyer, 1978) .
There were some anomalous weak observations at the orientation of the edges. After 4-cpd SCB adaptation, a significant CAE was found at the third harmonic at 90°; after 4-epd DCB adaptation, a significant fundamental CAE was found at 45°. After 0.80-cpd DCB adaptation, a significant fundamental CAE was found at 135°. It is difficult to interpret these results as supporting an edge model, since R. L. De Valois and K. K. De Valois (1980) point out that edge theories do not acknowledge the existence of any such harmonic components apart from the frequency of the edges themselves. Most likely, the broad tuning has spread the effect to these edges to produce weak effects. It is possible that the effects at the third harmonic might also be due simply to the broadly tuned frequency and orientation mechanisms, rather than to a spatialfrequency mechanism. Nevertheless, the significant effects with some fifth harmonics would seem to support a more global explanation.
Other work suggests that there can be reciprocal inhibition between the fundamental and the higher harmonics of square-wave gratings after simple adaptation to squarewave gratings (Nachmias, Sansbury, Vassilev, & Weber, 1973; Tolhurst, 1972) . This was suggested by the finding that adaptation of a square-wave grating elevated the harmonics less than did adapting the harmonics by themselves. The strong harmonic effects achieved here with checkerboards could be due to less reciprocal inhibition being present, because the fundamental and the harmonics now differ in orientation as well as frequency.
GENERAL DISCUSSION
These results raise problems for Marr's (1982) theory of spatial vision. The first stage in visual processing is described by Marr as the raw primal sketch. The first steps of this sketch are based on a number of bandpass channels or filters (approximately 1.25-octave bandpass). Unlike spatial-frequency processing, the outputs of the different filters are not simply summed in a linear fashion but are processed for zero crossings, by treating them as bandpass second-derivative filters. Marr's proposal is not about the detection of zero values in the output of the filters, but it is about the slope of the zero crossing-that is, the output just to one side of the zero crossing has a peak positive value of the filtered image and just to the other side a peak negative value. Marr's (1982) mechanism for slope detection is that an on-center cell will fire strongly on the positive side and an off-center cell will fire strongly on the negative side. The sum of their firings will correspond to the slope of the zero crossing (in other words, a highcontrast intensity change will generate stronger firing than will a low-contrast change). The theory is basically an edge-deteetion theory, not a spatial-frequency theory, even though it employs spatial-frequency filters, Marr (1982) argued that' 'the visual world is not constructed of ripply, wavelike primitives that extend over an area and that add together over it ... by and large the visual world is made of contours" (p. 69). Marr (1982, p. 76-78) realized that Kelly's (1976) analysis of two-dimensional stimulus patterns, such as checkerboards, presented problems for his theory. He argued that we can clearly perceive the vertical and horizontal edge organization in checkerboards, even though Fourier theory posits no power at these orientations. Using computer modeling, Marr (1982, p. 77) showed that the positive and negative slopes of the zero crossings in checkerboards line up with the edges. Both the positive and the negative slopes have a roughly diagonal orientation in an SCB. Thus, Marr concluded that checkerboards are processed by an edge mechanism, not by summation of linear filters, Logically, this argument has a similar form to those of Smith (1977) , Tyler (1977), and MacKay (1981) concerning the diagonal orientation of fundamentals in square checkerboards. As with those arguments, our results with higher harmonics do not support the zero-erossing notion. The orientation of the third harmonics would not produce the appropriate aligning of zero-crossing slopes. Hence, our results present real difficulties for MluT's theo{y of edge detection in checkerboards by zero crossings.
The results reported here have implications for another approach to spatial vision. A global theory of vision has been put forward and tested with the McCollough effect by Emerson, Humphrey, and Dodwell (1988) . The basis of this theory is that there are certain "primitive" patterns that underlie most forms of pattern vision and are basic to all visual processing. These higher level structures are a set of vector fields generated by Lie transformation groups (Hoffman, 1966) . This theory rejects an explanation of the McCollough effect based on edge detectors because of the long duration of the McCollough effect. Emerson et al. (1988) also reject the spatialfrequency account of the McCollough effect with checkerboards (Green et al., 1976; May & Matteson, 1976) on the basis of the arguments put forward by Smith (1977) and Tyler (1977) cited above. The results of our experiments with higher harmonics, and particularly the effects obtained on the nonadapted checkerboard, question these arguments and suggest that some form of global spectral mechanism, basedon the two-dimensional Fourier analysis of the visual input, takes place. These global processes should be considered before evoking even more global structures, such as Lie vector fields.
If we accept that the results of our experiments indicate that spatial-frequency mechanisms mediate the McCollough effect, the question arises as to where in the visual system the spatial-frequency filters are located. Our work (Day et al., 1992) and earlier work of Stromeyer (1978) and Ellis (1979) suggest that a candidate for the neural mechanism should have the following properties:
(1) an opponent-processcolor system, (2) broad orientation sensitivity, (3) monocular input (since the effect does not show interocular transfer), (4) synaptic connections that can be depressed for long periods of time, (5) broad sensitivity to spatial frequency, and (6) a receptive field that shows linearity of spatial summation to luminance modulations. There is no known class of visual cells that meets all of these criteria. The nearest approximations are simple cells described in primary visual cortex of the primate (1(. K. De Valois et al., 1979 ; R. L. De Valois, Albrecht, & Thorell, 1982; Michael, 1978) . Indeed, Michael (1978) has proposed that simple cells are the mechanisms underlying the McCollough effect. He argues that simple cells "are the only known neurons in the monkey's visual pathway which are monocular, color sensitive and orientation selective. Thus they may be the neural basis of the McCollough effect" (p. 1248). Michael (1978) tested a simple cell with a red-on, green-off central strip flanked by two red-off, green-on surrounds for the McCollough effect. After adaptation with a red-black grating, this cell responded to a white-black grating with off responses (i.e., a green response). Michael showed that the red-black grating selectively adapted the red-sensitive areas in all parts of the receptive field. The cell then became functionally one with a green-off central subfield with two green-on surrounds. It was no longer an opponent cell after adaptation and thus now responded to white stimuli.
A considerable problem for the simple-cell model of the McCollough effect is the long duration of the latter (Jones & Holding, 1975; Riggs, White, & Eimas, 1974 ). An alternative explanation of the McCollough effect based on the associative mechanism of classical conditioning has been proposed by Murch (1976) . The initiative for developing a conditioning model is the questionable view that contingent aftereffects last much longer than simple aftereffects. But simple visual aftereffects, of the kind used to determine the bandwidths of spatial-frequency filters, can last for hours after protracted adaptation (Blakemore, Nachrnias, & Sutton, 1970; Harris, 1980; Magnussen & Greenlee, 1985) , and other simple aftereffects can last for days (Harris, 1980) . These simple aftereffects do not fit readily into a conditioning framework. Furthermore, our finding of the absence of CAEs after adaptation with both checkerboards, does not support a conditioning model. However, it seems that both simple adaptation and CAEs would have to be based on a mechanism that has a long recovery time. There is some relevant neurophysiological evidence about the recovery time of simple cells after achromatic adaptation (Albrecht, Farrar, & Hamilton, 1984; Maffei, Fiorentini, & Buti, 1973; Movshon & Lennie, 1979; Vautin & Berkley, 1977) . Although this neural adaptation was spatial-frequency sensitive, the adaptation periods were short (30-60 sec). The recovery periods matched the duration of the psychophysical recovery periods after similar adaptation periods . A more relevant study was carried out by Creutzfeldt and Heggelund (1975) . They adapted adult cats for 1 h twice a day to achromatic vertical gratings over a period of 2 weeks and found a decrease in the number of visual cortex cells responding to vertical gratings. They did not test formally for recovery, but neurophysiological processes were examined up to 12 h after the last visual stimulation. These results suggest that a long-term decrease in responding can be produced by long periods of adaptation.
It seems clear that to account for recovery, contingent and simple aftereffects must be postulated on some type of long-term synaptic change. Long-term potentiation has been widely accepted as a neuronal substrate of long-term synaptic change after use (Brown, Chapman, Kairiss, & Keenan, 1988; Gustafsson & Wigstrom, 1988) . The evidence for long-term potentiation has come mainly from intracellular recordings in slices taken from either the hippocampus or the cerebellum. Long-term potentiation can last for days and weeks, but there is at present no evidence that it achieves permanence (Gustafsson & Wigstrom, 1988) . There is now evidence that long-term potentiation is present in both rat (Berry, Teyler, & Taizhen, 1989) and cat visual cortex (Komatsu, Fujii, Maeda, Sakaguchi, & Toyama, 1988) . Even more recent evidence has shown both long-term potentiation and long-term depression are present in rat visual cortex (Artola, Brecher, & Singer, 1990) . The finding of long-term depression is important in the context of adaptation. This evidence shows that long-term synaptic change can occur in primary visual cortex, as a function of use. Although there is, at present, no evidence as to the type of cell possessing these synaptic changes, it could be possible that simple cells contain these mechanisms.
The McCollough effect has also been discussed in the context of a new theory about how color and spatial stimuli are processed in the primate visual system (Livingstone & Hubel, 1984) . This theory postulates that there are two separate and parallel pathways for color and for spatial stimuli, respectively. Livingstone and Hubel (1984) agree that the McCollough effect indicates that, at some stage in visual processing, orientation and color selectivity converge. But they argue that this convergence does not occur in the "blob" color system, located at VI and VII, because the cells are not orientation sensitive. The "interblob" system does contain some oriented cells (39%) that are selective for color in VI, but most of these are complex. These data are in striking contrast with other studies of VI (Michael, 1978; Thorell, R. L. De Valois, & Albrecht, 1984) , which have reported many color-eoded simple cells that are orientation sensitive. Our results could suggest that simple cells of the interblob system are involved in the McCollough effect.
While the hypothesis about simple cells mediating the McCollough effects is appealing, there are a number of problems. Firstly, is the tuning of CAEs for spatial frequency (criterion 5) and for orientation (criterion 6) too broad for simple cells? Secondly, is it possible that a Fourier system can be based on such broad tuning? A perfect Fourier system would require filters with infinitely narrow bandwidths. The psychophysical bandwidths for simple adaptation (0.50 to 1.0 octave) are a reasonable compromise, but R. L. De Valois et al. (1982) found that primate simple cells are tuned to a broad range of spatial frequencies (median = 1.45 octaves). The distribution of these bandwidths shows a sizable population with bandwidths of 2.0 octaves and larger. They found somewhat similar results for orientation tuning, in that cells broadly tuned for spatial frequency were also broadly tuned for orientation. These values could obviously encompass the tuning for the McCollough effect, but could such broad McCollough detectors mediate a strict Fourier system? Our checkerboard results clearly support the notion that even quite broadly tuned detectors can mediate some sort of global two-dimensional Fourier analysis. Perhaps it is the joint involvement of orientation and spatial frequency that allows this to happen. While our results can be interpreted to support a global Fourier analysis of visual processing, it has been suggested that a much cruder frequency analysis is performed less globally on local patches of the visual field (Kelly & Burbeck, 1985, p. 156) . Conceivably, this process could explain the data reported here. These Gabor patches are based on two pairs of simple-cell receptive fields: symmetrical (cosine transform) and antisymmetrical (sine transform) response profiles (Bishop, 1984; Kulikowski & Bishop, 1981) . In these terms, simple cells are regarded as general-purpose linear cells optimized for processing both spatial-position and spatial-frequency information. To regard them as spatial-frequency analyzers is to stress one side of their function at the expense of the other (Kulikowski & Bishop, 1981, p. 162) . Kulikowski and Bishop suggest that the two processes work in parallel over a limited range of spatial frequencies (1 octave), whereas our results suggest that they might operate over a broader range. The Gabor explanation is a compromise between a narrowband (Fourier) model and a bar-andedge model. Kulikowski & Kranda (1982) have argued that Gabor-type units have flexible filtering characteristics that allow the extraction of information pertinent to localization, orientation, and the spatial-frequency content of the image. Conceivably, this flexibility could accommodate our two-dimensional results with checkerboards by detecting the presence of harmonics through the joint action of orientation and spatial-frequency mechanisms.
